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Neutron elastic scattering measurements have been performed under the hydrostatic pressure
in order to investigate the spin structure of the pressure-induced magnetic ordering in the
spin gap system TlCuCl3 . Below the ordering temperature TN = 16.9 K for the hydrostatic
pressure P = 1.48 GPa, magnetic Bragg reflections were observed at the reciprocal lattice
points Q = (h, 0, l) with integer h and odd l, which are equivalent to those points with the
lowest magnetic excitation energy at ambient pressure. This indicates that the spin gap closes
due to the applied pressure. The spin structure of the pressure-induced magnetic ordered state
for P = 1.48 GPa was determined.
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The spin gap system is a magnetic system having the
singlet spin liquid ground state with a finite excitation
gap.1) Recently, the magnetic ordering induced by modi-
fying the gapped ground state by an external field or im-
purity doping has been energetically investigated. When
a magnetic field which is higher than the gap fieldHg cor-
responding to the energy gap ∆ = gµBHg is applied in a
spin gap system, the energy gap vanishes, and the system
can undergo the magnetic ordering with the help of the
three-dimensional (3D) interactions. On the other hand,
when nonmagnetic ions are substituted for magnetic ions
in a spin gap system, the singlet ground state is dis-
turbed, so that staggered moments are induced around
the impurities. If the induced moments interact through
effective exchange interactions, which are mediated by
intermediate singlet spins, the 3D long-range order can
arise. Such field-induced and impurity-induced magnetic
orderings were observed in many spin gap systems.2–7)
The application of pressure is another method to con-
trol the quantum magnetism including the spin gap and
the spin-Peierls transition. Some remarkable pressure ef-
fects have been observed in some quantum spin systems.
The pressure-induced magnetic ordering were observed
in Cu2(C5H12N2)2Cl4,
8) which was first assumed to be
an S = 1/2 Heisenberg antiferromagnetic two-leg lad-
der9) and was later characterized as an frustrated 3D spin
gap system.10) In Cu2(C5H12N2)2Cl4, a part of singlet
spin pairs are broken by the applied pressure to become
paramagnetic spins, and the magnetic ordering similar
to the impurity-induced antiferromagnetic ordering oc-
curs in the rest of spins.8) The spin gap remains even in
the ordered state.
In a well-known inorganic spin-Peierls (SP) material
CuGeO3, the SP phase was enhanced by applied pres-
sure,11) so that the revival of the SP phase was observed
for highly-Mg-doped CuGeO3, in which the SP transition
does not occur and the impurity-induced antiferromag-
netic ordering only occurs at the low temperature for
ambient pressure.12)
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This paper is concerned with the pressure-induced
magnetic ordering in the spin gap system TlCuCl3.
We summarize the physical properties of TlCuCl3 at
ambient pressure obtained up to date. This system has
the monoclinic structure (space group P21/c).
13) The
crystal structure consists of planar dimers of Cu2Cl6.
The dimers form infinite double chain along the crystal-
lographic a-axis. These chains are located at the cor-
ners and the center of the unit cell in the b − c plane,
and are separated by Tl+ ions. The magnetic ground
state of TlCuCl3 is the spin singlet
13) with the excita-
tion gap ∆ = 7.7 K.14, 15) The origin of the spin gap is
the strong antiferromagnetic spin dimer in the chemical
dimer Cu2Cl6, and the neighboring spin dimers couple
via strong 3D interdimer interactions along the double
chain and in the (1, 0,−2) plane, in which the hole or-
bitals of Cu2+ spread.16, 17)
The field-induced magnetic ordering was observed in
TlCuCl3.
15, 18, 19) For the magnetic ordering, two re-
markable features have been found. One is that the
magnetization has the cusplike minimum at the tran-
sition temperature TN for H > Hg. The other is that
the phase boundary between the paramagnetic phase
and the ordered phase can be described by the power
law. These features cannot be described by the mean-
field approach from the real space.20, 21) Nikuni et al.22)
demonstrated that the field-induced magnetic ordering
in TlCuCl3 can be represented as a Bose-Einstein con-
densation (BEC) of spin triplets (magnons), and that the
above-mentioned two features are qualitatively well de-
scribed by the magnon BEC theory based on the Hartree-
Fock (HF) approximation.
If the magnons undergo BEC at an ordering vector
Q0 for H > Hg, then the transverse spin components
have long-range order, which is characterized by the same
wave vector Q0. The transverse magnetic ordering pre-
dicted by the theory20–22) was confirmed by the neutron
elastic scattering experiments in TlCuCl3.
19) The spin
structure obtained for H ‖ b is shown in Fig. 1 with
Θ = 90◦ and α = 39◦. The spins lie in the a − c plane
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Fig. 1. Projection of the spin structure observed in the field-
induced magnetic ordered phase of TlCuCl3 for H ‖
b, the impurity-induced antiferromagnetic ordered phase of
Tl(Cu0.97Mg0.03)Cl3 and the pressure-induced magnetic or-
dered phase for P = 1.48 GPa in TlCuCl3 onto the a− c plane.
The double chain located at the corner and the center of the
chemical unit cell in the b− c plane are represented by solid and
dashed lines, respectively. The shaded area is the chemical unit
cell in the a − c plane. The inset shows the inclination of the
ordered spin toward the b-axis. The angle α denotes the angle
between the a-axis and the spin component projected onto the
a − c plane. The angle Θ is the angle between the spin and the
b-axis.
which is perpendicular to the applied field. Spins on the
same dimers represented by thick lines in Fig. 1 are an-
tiparallel. Spins are arranged in parallel along a leg in
the double chain, and make an angle of α with the a-axis.
The spins on the same legs in the double chains located
at the corner and the center of the unit cell in the b − c
plane are antiparallel.
The impurity-induced antiferromagnetic ordering was
also observed by the magnetization measurements in
Tl(Cu1−xMgx)Cl3.
23) By means of neutron scat-
tering measurements, the ordering was confirmed in
Tl(Cu0.97Mg0.03)Cl3 below TN = 3.45 K, and the spin
structure of the ordered phase was determined.24) The
spin structure on average is equivalent to that shown in
Fig. 1 with Θ = 90◦ and α = 34.0◦± 4.7◦. The effective
magnetic moment averaged per site at T = 1.4 K was
evaluated as 〈meff〉 = gµB〈Seff〉 = 0.12(1) µB.
Quite recently, the magnetization measurements were
performed under the hydrostatic pressure up to P ≈ 0.8
GPa in TlCuCl3, and the antiferromagnetic ordering was
observed at zero field for P > 0.4 GPa,25) e.g., the or-
dering temperature TN at P ≈ 0.8 GPa is TN ≈ 11 K. It
was found that the easy axis of the magnetic moments is
close to the [2, 0, 1] direction, which is parallel to both
(0, 1, 0) and (1, 0,−2) planes, and makes an angle of 51◦
with the a-axis. Thus, TlCuCl3 undergoes phase tran-
sitions induced by magnetic field, impurities and hydro-
static pressure. In order to investigate the spin structure
in the pressure-induced magnetic ordered phase and the
mechanism leading to the ordering, we performed neu-
tron elastic scattering experiments under the high hy-
drostatic pressure.
The preparation of the single crystal of TlCuCl3 has
been reported in reference 15. The sample with 0.2 cm3
was set in the McWhan type high pressure cell (HPCNS-
MCWr, Oval Co., Ltd.)26) As the pressure transmitting
medium, a mixture of Fluorinert FC70 and FC77 was
used. The applied hydrostatic pressure of P = 1.48 GPa
at low temperature was determined from the pressure de-
pendence of the lattice constants of a NaCl crystal in the
sample space. Neutron elastic scattering measurements
were performed using the JAERI-TAS1 installed at JRR-
3M, in Tokai. The constant-ki mode was taken with a
fixed incident neutron energy Ei of 14.7 meV. Because
the size of the sample has to be small due to the small
sample space, collimations were set as open-80’-80’-80’ in
order to gain intensity. Sapphire and pyrolytic graphite
filters were placed to suppress the background by high
energy neutrons, and higher order contaminations, re-
spectively. The sample was mounted in the cryostat with
its a∗- and c∗-axes in the scattering plane. The crystal-
lographic parameters were determined as a∗ = 1.6402
1/A˚, c∗ = 0.72843 1/A˚ and cosβ∗ = 0.0861 at helium
temperatures and at P = 1.48 GPa. The lattice con-
stants a and c become shorter by 1.5 % and the angle β
becomes closer to 90◦ as compared with those at ambient
pressure.16)
Figure 2 shows the θ − 2θ scans for Q = (1, 0,−3)
reflection measured at T = 4.0, 12.2 and 28.2 K for
P = 1.48 GPa in TlCuCl3. With decreasing tempera-
ture, the increase of the intensity of the reflection with
resolution limited width can be clearly seen. Figure 3
shows the temperature dependence of the Bragg peak
intensity at Q = (1, 0,−3) reflection for P = 1.48 GPa
in TlCuCl3. Since this measurement was carried out on
a condition different from that for the previous θ − 2θ
scans, the neutron counts for magnetic Bragg reflection
are not equal to those shown in Fig. 2. However, we
confirmed that the observed magnetic Bragg intensities
are consistent with one another by comparing the nu-
clear Bragg intensities observed in both measurements.
The rapid increase of the intensity with no pronounced
diffuse scattering is observed below TN = 16.9 K. Be-
cause it has been already observed that the pressure-
induced magnetic ordering occurs at TN ≈ 11 K for
P ≈ 0.8 GPa in TlCuCl3,
25) we can conclude that the
Q = (1, 0,−3) reflection is the magnetic Bragg reflec-
tion indicative of the pressure-induced magnetic order-
ing. The magnetic Bragg reflections were observed at
Q = (h, 0, l) with integer h and odd l. These recipro-
cal points are equivalent to those with the lowest mag-
netic excitation energy at ambient pressure.16, 17) Fer-
romagnetic Bragg reflections could not be detected in
the present measurements. These results indicates that
the spin gap corresponding to the lowest magnetic exci-
tation energy closes under the pressure. Thus, it can
be deduced that the interdimer interactions are rela-
tively enhanced against the intradimer interaction due
to the applied pressure, so that the spin gap is reduced
and closed completely. The mechanism leading to the
pressure-induced magnetic ordering in TlCuCl3 is differ-
ent from that in Cu2(C5H12N2)2Cl4.
8) These reciprocal
points are also equivalent to those for the magnetic Bragg
peaks indicative of the field-induced magnetic ordering
for H ‖ b in TlCuCl3
19) and the impurity-induced anti-
ferromagnetic ordering in Tl(Cu0.97Mg0.03)Cl3.
24)
In order to determine the spin structure of the
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Fig. 2. θ − 2θ scans for Q = (1, 0,−3) reflection measured at
T = 4.0, 12.2 and 28.2 K at P = 1.48 GPa in TlCuCl3. The hor-
izontal bar denotes the calculated instrumental resolution width.
pressure-induced magnetic ordered phase in TlCuCl3, we
measured the integrated intensities of nine Bragg reflec-
tions at T = 4.0, 12.2 and 28.2 K. The integrated in-
tensities were obtained by the θ − 2θ scans. The results
are summarized in Table I together with the calculated
intensities. The intensities of nuclear Bragg reflections
were also measured to estimate the magnitude of the
magnetic moment per site. The nuclear peaks were ob-
served at Q = (h, 0, l) with even l, as expected from
the space group P21/c. However, very weak nuclear
peaks were also observed for odd l as observed at am-
bient pressure.19) To refine the magnetic structure, we
used the atomic coordinates of TlCuCl3 at ambient pres-
sure19) and the nuclear scattering lengths bTl = 0.878,
bCu = 0.772 and bCl = 0.958 with the unit of 10
−12
cm.27) The magnetic form factors of Cu2+ were taken
from reference 28. The extinction effect was evaluated
by comparing observed and calculated intensities for var-
ious nuclear Bragg reflections.
As a result, the spin structure as shown in Fig. 1 with
α = 42.6◦ ± 1.4◦ and Θ = 90.0◦ ± 9.0◦ for T = 12.2
K, which is almost same as those obtained in the field-
induced and impurity-induced magnetic ordered phases,
and that with α = 49.5◦ ± 2.4◦ and Θ = 58.0◦ ± 3.4◦
for T = 4.0 K were obtained, respectively. This result
means that the ordered moments lie in the a − c plane
just below TN, and that they incline toward the b-axis
with decreasing temperature. However, in the temper-
ature dependence of the magnetic Bragg peak intensity
shown in Fig. 3, there is no apparent anomaly indicative
of an additional phase transition, at which the ordered
moments start to incline toward the b-axis. According
to the magnetization measurements up to P ≈ 0.8 GPa,
the easy-axis is close to the [2, 0, 1] direction down to
T = 1.8 K.25) Thus, it is considered that the inclination
of ordered moments arises for P > 1 GPa.
Within the present measurements, it is not clear
4
3
2
1
0
M
ag
ne
tic
 P
ea
k 
In
te
ns
ity
 (1
03 c
o
u
n
ts
/9
0 
se
c)
2520151050
T (K)
TlCuCl3
Q = (1,0,-3)
P =1.48 GPa
TN
Fig. 3. Temperature dependence of the magnetic Bragg peak in-
tensity for Q = (1, 0,−3) reflection measured at P = 1.48 GPa
in TlCuCl3.
whether the inclination of ordered moments occurs grad-
ually below TN, or as a phase transition. The polarized
neutron scattering technique will be useful to settle the
question, because the spin components parallel and per-
pendicular to the scattering plane (a − c plane) can be
observed independently.29) This experiment is planned
for near future.
Comparing magnetic peak intensities with those of nu-
clear reflections, the magnitude of the ordered moment
was evaluated as 〈m〉 = gµB〈S〉 = 0.64(4) µB at T = 4.0
K and 〈m〉 = 0.51(3) µB at T = 12.2 K.
The magnitude of the ordered moment at T = 4.0 K is
64(4) % of the full moment of Cu2+ and is much larger
than those observed in the field-induced magnetic order-
ing forH ‖ b in TlCuCl3
19) and the impurity-induced an-
tiferromagnetic ordering in Tl(Cu0.97Mg0.03)Cl3.
24) This
indicates that the spin gap is completely collapsed at
P = 1.48 GPa and the triplet states of the spin dimer
make a large contribution to the ground state.
In conclusion, we have presented the first neutron elas-
tic scattering results on the spin gap system TlCuCl3
under the hydrostatic pressure. Below TN = 16.9 K for
P = 1.48 GPa, the magnetic Bragg reflections indicative
of the magnetic ordering were observed at the recipro-
cal lattice points Q = (h, 0, l) with integer h and odd l,
which are equivalent to those points with the lowest mag-
netic excitation energy at ambient pressure. This indi-
cates that the magnetic ordering observed arises from the
closing of the spin gap under the pressure. These recip-
rocal points are also equivalent to those for the magnetic
Bragg peaks indicative of the field-induced magnetic or-
dering for H ‖ b in TlCuCl3 and the impurity-induced
antiferromagnetic ordering in Tl(Cu0.97Mg0.03)Cl3. The
spin structure of the pressure-induced ordered phase in
TlCuCl3 for P = 1.48 GPa was determined as shown in
Fig. 1 with α = 42.6◦ ± 1.4◦ and Θ = 90.0◦ ± 9.0◦ for
T = 12.2 K and α = 49.5◦ ± 2.4◦ and Θ = 58.0◦ ± 3.4◦
4 Letter
Table I. Observed and calculated magnetic Bragg peak intensities at T = 12.2 and 4.0 K for P = 1.48 GPa in TlCuCl3. The intensities
are normalized to the (0, 0, 1)M reflection. R is the reliability factor given by R =
∑
h,k,l |Ical − Iobs|/
∑
h,k,l Iobs.
T = 12.2 K T = 4.0 K
(h, k, l) Iobs Ical Iobs Ical
(0, 0, 1)M 1 ± 0.051 1 1 ± 0.051 1
(0, 0, 3)M 0.018 ± 0.004 0.014 0.007 ± 0.003 0.014
(0, 0, 5)M 0.085 ± 0.007 0.103 0.075 ± 0.006 0.103
(1, 0, 1)M 0.014 ± 0.006 0.021 0.104 ± 0.009 0.113
(1, 0, −1)M 0.127 ± 0.014 0.153 0.135 ± 0.016 0.165
(1, 0, 3)M 0.037 ± 0.009 0.014 0.083 ± 0.004 0.085
(1, 0, −3)M 0.448 ± 0.009 0.413 0.371 ± 0.007 0.375
(2, 0, 1)M 0.006 ± 0.003 0.021 0.057 ± 0.005 0.051
(2, 0, −1)M 0.114 ± 0.007 0.127 0.191 ± 0.008 0.157
R 0.08 0.06
for T = 4.0 K. This implies that the ordered moments
lying originally in the a− c plane just below TN incline
toward the b-axis at lower temperatures. The magnitude
of the ordered moment was determined as 〈m〉 = 0.64(4)
µB at T = 4.0 K.
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